Hot rolled HSLA (High strength low alloy) steels with two compositions were investigated by means of microstructure and mechanical property analysis. Thermal mechanical controlling process (TMCP) technology was applied for required microstructure and mechanical property. Effects of micro-alloying elements such as Mo, V and Ti on the microstructure and mechanical property of the experimental steels were analyzed. Results indicate that: Micro-alloying elements such as Mo, V and Ti can significantly strengthen the experimental steel by solid solution hardening, precipitation hardening and grain refinement; H1 steel which contains more Mo, V & Ti than H2 steel presents much higher strength and better formability than H2.
INTRODUCTION
Reducing the weight of cars has been urgent to decrease fuel consumption and CO 2 emission in the last three decades. Therefore, there is an increasing demand for high strength steels in the auto industry [1] . HSLA (high strength low alloy) low carbon steels with multiphase microstructure have been extensively studied [2] . Carbonitrides, carbides, or nitrides of micro-alloying elements such as Nb, Ti, and V precipitating in austenite () during hot rolling can contribute to the mechanical properties of the micro-alloyed steels via grain refinement, solid solution hardening, and precipitation hardening. Therefore, the precipitation behavior in  of the micro-alloyed steels has been a research subject of interest [3] .
Ti in HSLA steels is more efficient for strengthening than V and Nb due to the lower solubility. Recent research has been focusing on the formation of complex Ti carbides containing other transition metals, such as Nb, V and Mo [4] . It has been reported that Mo decreases the diffusivity of the carbide-forming species and thus, delays the precipitation of MC carbides [5] . In recent works, however, the improvement in yield strength up to 780 MPa has been achieved in HSLA steels by the uniform distribution of nanometer-sized Ti and Mo complex carbides [6, 7] .
Basing on the research and production results above, a novel Mo-V-Ti micro-alloyed HSLA steel was designed and investigated by TMCP schedule. This work focuses on studying the existence of Mo, V and Ti elements and their influence on the microstructure and mechanical properties of HSLA steels.
EXPERIMENTAL
Experimental materials are HSLA steel sheets casted by a 30 Kg vacuum furnace. The chemical compositions of the materials are illustrated in Fig.1 . The ingots were first heated to 1200 °C, held for 2 min and forged to size 70  70  100 mm. The forged billets were heated to 1220 °C for 2 h and hot rolled on a Φ 450 mm rolling mill. Detail information of rolling process is illustrated in Table 2 . Seven passes were applied and the pass information is 70 -48 -30 -21 -14 -9 -6 -4 mm. The specimens were prepared using standard metallographic procedures, i.e. mounting in a phenolic hot mounting resin, grinding using 400 -to 1200 -grit sandpapers and polishing with diamond pastes from 3 μm to 1 μm. The specimens were etched by a 3% nital solution for 5 seconds. A Zeiss Axio Observer A1m type optical microscopy was used to acquire the optical microstructures.
In order to observe the microstructure and precipitates with higher resolution, a Zeiss supra 55 type hot field emission scanning electron microscopy (FESEM) was applied. The EDS attached on it was also employed for composition analysis of the precipitates. The Mapping Module of EDS was chosen to acquire the elemental partitioning characteristics in each experimental steel.
RESULTS

Mechanical and Microstructures
Mechanical properties of experimental steel sheets are illustrated in Table 3 . It can be seen from Table 3 that H1 steel, which contain Mo and more V & Ti, presents both tensile strength ( uts ) and yield strength ( y ) about 200 ~ 300 MPa higher than H2 steel, which contains no Mo and less V or Ti. Microstructures of experimental steel sheets are illustrated in Fig. 1 . 
Second Phase Particles
Characteristics of elemental partitioning in experimental steels are illustrated in Fig. 2 . It can be learned from Fig.2a that a number of second phase particles exist in H1 steel. They are Al 2 O 3 , silicate, (Ti, V)(C, N), (Ti, Mo)C, etc. The big square particle is mainly the compound of (Ti, V)N and Al 2 O 3 . Al 2 O 3 is in the center part of the particle and (Ti, V)N nucleates & grows on the surface of Al 2 O 3 . Besides, a lot micron -size second phase particles are also observed in H1 steel. Some of them are alone and some of them are arranged in a row. The main micron -size particles in H2 steel are Al 2 O 3 and TiN, as illustrated in Fig.2b . The composition characteristics of the nano -size precipitates of each steel are illustrated in Fig. 3 . The nano -size particles in H1 steel are generally round and the average size of them is approximately 200 nm, as indicated in Fig. 3a . The nano -size particles exist both in the grain and on the grain boundaries. Fig. 3c also presents 3 typical composition characteristics of some other nano -size particles. They are (Ti, V, Mo)C, Mn compound and Ti, V, Mn compounds. Most of the precipitates in H2 steel are orthogonal or square, as illustrated in Fig. 3b . According to the composition analysis by EDS, they are TiC, MnC and silicate. 
DISCUSSION
According to the results above, H1 steel presents much better mechanical performance than H2 steel does, with both high strength and high elongation as illustrated in Table 2 . In the view point of microstructure, H1 contains mainly ferrite single phase and a small number of bainite and carbide particles. as shown in Fig. 2a & b . Ferritic steel without pearlite and large cementite particle has superior local elongation since it has less stress-concentrating region compared with multiphase microstructure such as dual-phase steel [6] . The high strength of H1 steel is mainly attributed to the contribution of Ti, V and Mo. Micro-alloys strengthen the steel by solid solution hardening, grain refinement and precipitation hardening. The mechanism of their strengthening will be discussed in detail in the next part. The matrix of H2 steel is mainly ferrite and pearlite, as illustrated in Fig.  2c & d. According to Fig.2 , it can also be observed that the grain size of H1 steel is much smaller than that of H2 steel. The average grain size of H1 steel is about 7 μm and the average grain size of H2 steel is about 15 μm. The primary reason for grain size of H1 steel smaller than that of H2 steel is the introduction of Mo, V and Ti micro-alloys [5] . The Zener pinning effect exerted by TiN and other particles on the grain boundaries can effectively inhibit grain growth [9] . That is because surface energy reduces when a grain boundary is coincident with small inclusions [10] . Calculations concluded that the substitution of Ti by Mo or W in TiN will reduce the equilibrium Ti concentration in the ferrite matrix during coarsening, which possibly decelerates the coarsening process of (Ti, Mo)C precipitation. It is confirmed that Mo or W addition can mitigate the lattice mismatch between the carbide particle and the ferrite matrix as predicted by the calculation [14] . It is announced that all the precipitated particles in a row usually have the same crystallographic orientation in any given ferrite grain [15] . These particles nucleate on the interface of / during the transformation from austenite to ferrite. The / interface is translated by the propagation of steps, with the particles precipitating on the stationary, immobile component of the interface [16, 17] .
SUMMARY
Two Mo -V -Ti micro-alloyed HSLA steels were studied and the effects of Mo, V and Ti on the microstructure and mechanical properties were discussed. According to the results above, the main conclusions are described as following:
(1) Yield strength and tensile strength are significantly increased by the addition of Mo, V and Ti micro-alloys.
(2) The complex effect of grain refining, solid solution hardening and precipitate hardening contribute to the strengthening.
